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Niels Bohr Institute, University of Copenhagen, Copenhagen, DenmarkABSTRACT General anesthetics are known to cause depression of the freezing point of transitions in biomembranes. This is a
consequence of ideal mixing of the anesthetic drugs in the membrane fluid phase and exclusion from the solid phase. Such a
generic law provides physical justification of the famous Meyer-Overton rule. We show here that general anesthetics, barbitu-
rates, and local anesthetics all display the same effect on melting transitions. Their effect is reversed by hydrostatic pressure.
Thus, the thermodynamic behavior of local anesthetics is very similar to that of general anesthetics. We present a detailed ther-
modynamic analysis of heat capacity profiles of membranes in the presence of anesthetics. Using this analysis, we are able to
describe experimentally observed calorimetric profiles and predict the anesthetic features of arbitrary molecules. In addition, we
discuss the thermodynamic origin of the cutoff effect of long-chain alcohols and the additivity of the effect of general and local
anesthetics.INTRODUCTIONGeneral anesthetics (including barbiturates) and local anes-
thetics were introduced to clinical praxis during the mid-
19th century. The first general anesthetic used in surgery
was diethyl ether, but many others have since been found.
These include nitrous oxide (laughing gas), propofol, halo-
thane, and sevoflurane (1), but also the chemically inert
noble gas xenon and barbiturates (2)—molecules that are
very different structurally. The first local anesthetic was
cocaine, whose analgesic effect was described in the late
1850s. Most known local anesthetics were later developed
in an attempt to avoid the addictive effect of cocaine (3).
Thus, the distinction between the different classes of anes-
thetics is partially of historical origin. Today, it is generally
believed that general and local anesthetics act by different
mechanisms. The effect of local anesthetics has frequently
been attributed to their specific interaction with (sodium)
channel proteins (4,5). At the same time, there is wide
agreement that the action of general anesthetics is not
well understood. However, there exists a striking inverse
linear correlation between the partitioning of general anes-
thetics in the lipid membrane and the critical anesthetic
dose known as the Meyer-Overton correlation (1,6), and
this correlation applies to drugs of quite different chemical
structure, such as nitrous oxide (laughing gas), xenon (a
noble gas), and sevoflurane (a fluorinated organic solvent).
Another way of stating the Meyer-Overton correlation is
½ED50  P ¼ const., where ½ED50 is the effective concen-
tration of anesthetics in the alveolar volume or in the blood
where 50% of individuals are anesthetized, and P is the
partition coefficient between oil and water (or air). At crit-
ical dose, the membrane concentration of all general anes-Submitted January 31, 2014, and accepted for publication April 7, 2014.
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the same (8). The Meyer-Overton correlation leads to the
notion that general anesthesia is closely related to the parti-
tioning of the drug in the lipid membrane. Indeed, in his
book published in 1901 (6), Overton proposed that the cor-
relation between membrane partitioning and critical dose
suggests the existence of a generic physical mechanism
for anesthesia. However, Overton did not provide any such
mechanism, and his correlation remained a true but unex-
plained observation.
In the absence of such an explanation, some researchers
favor a view involving binding of anesthetics to molecular
targets. In particular, Franks and collaborators made this
case popular using firefly luciferase as a target protein
(9–11). They showed that the equilibrium between two
structural forms of the fluorescing luciferase is controlled
by most (but not all) general anesthetics. Similar mecha-
nisms have been thought to apply in the case of membrane
proteins. This view is probably incompatible with a unique
mechanism for anesthesia. As argued above, at critical dose,
the membrane concentration of all general anesthetics
obeying the Meyer-Overton correlation—including the
noble gas xenon—is identical. Thus, if both the Meyer-
Overton correlation and binding to a molecular target are
true, the equilibrium association constant between mem-
brane-dissolved drug and membrane protein must display
the same value for all drugs, including xenon.
Cantor (12,13) proposed combining an unspecific lipid
partitioning of the drugs with a protein mechanism by inves-
tigating the lateral pressure profile of membranes in the
presence of anesthetics. Anesthetics behave like ideal gases
that exert forces on interfaces, and this pressure putatively
alters protein structure and function. Since lateral pressure
profiles would be affected in a very similar manner by
different general anesthetics, it is suggested that anesthetics
would alter a protein structure in a generic manner. Cantor’s
view can only yield quantitative predictions about proteinhttp://dx.doi.org/10.1016/j.bpj.2014.04.014
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constants between them are known. However, Cantor and
collaborators provide some experimental evidence for cur-
rents induced in g-aminobutyric acid receptors by isoflurane
and sevoflurane (14). Cantor’s model predicts, in addition,
that there is a correlation between lateral pressures in the
lipid membrane and the critical dose.
It seems most likely that the influence of anesthetics on
the thermodynamics of membranes contains the key for ex-
plaining the above correlation. We and other authors (e.g.,
(8,15–18) and references therein) have observed that gen-
eral anesthetics induce a lowering of the solid-liquid transi-
tion temperature in lipid membranes. The melting point of
membranes has exactly the same correlation with the critical
anesthetic dose as the partition coefficient for those anes-
thetics that obey the Meyer-Overton correlation. We showed
that this effect can be well explained by the so-called
freezing-point depression law that originates from van’t
Hoff. When applied to membranes, this law involves a slight
modification of the Meyer-Overton relation. Thus, we pro-
posed that these anesthetics are ideally soluble in the liquid
phase of the membrane only and are insoluble in the solid
phase. The shift of the transition is now due to the difference
in the entropy of mixing in the two phases. This explanation
of anesthesia has the virtue of explaining several properties
of general anesthetics.
1. Excess hydrostatic pressure increases melting tempera-
tures (15,19,20) and opposes the effect of anesthetics
on transitions. This can explain quantitatively the effect
of the pressure reversal of anesthesia (8,21,22).
2. The freezing-point depression law is based on the notion
of ideal solutions in which individual molecules do not
interact. The shift is thus linear in the concentration
of anesthetics in the liquid membrane. Therefore,
freezing-point depression is consistent with the observed
additivity of the anesthetic action (6,23,24).
3. Many membrane-soluble molecules do not dissolve
ideally in liquid membranes, or they dissolve in the solid
phase as well. Such molecules would not act as general
anesthetics. For instance, cholesterol does not lower
(but rather increases) melting temperatures (25) and
therefore does not display anesthetic activity.
4. Molecules that display phase behavior of their own
should not behave as ideal anesthetics. This includes
most lipids, but also long-chain alcohols (starting from
chain lengths of 12, i.e., dodecanol), that display melting
points above room temperature and do not act as anes-
thetics (26). This effect is known as the cutoff effect
(see Discussion).
Freezing-point depression by anesthetics is also consis-
tent with a recent theory for nerve pulse propagation that
is based on phase transitions in biological membranes
(27–29). Close to transitions in membranes, solitary
electromechanical waves are possible. Such melting transi-Biophysical Journal 106(10) 2143–2156tions in fact have been found for a number of bio-
membranes (30). Anesthetics render the excitation of the
pulse more difficult, whereas hydrostatic pressure facili-
tates it (8,31). Freezing-point depression is caused by
differences in the concentrations of the anesthetic drugs
in gel and fluid lipid membranes. This can be translated
into osmotic pressure differences. In this respect, our
model displays conceptual similarities to the view of
Cantor, described above. Here, the osmotic pressure acts
on solid domains rather than on protein conformations
(as in the Cantor model).
No law similar to the Meyer-Overton correlation exists
for local anesthetics. At high concentrations, these anes-
thetics are toxic (32). Local anesthetics are typically not
administered intravenously, and a critical dose cannot be
determined. This has generally led to the notion that local
anesthetics work by a different mechanism, e.g., by block-
ing sodium channels (4,5). However, this is not necessarily
inconsistent with local anesthetics having some properties
of general anesthetics. The Meyer-Overton correlation im-
plies that the effect of general anesthetics is additive. Two
different anesthetics, each with half-critical concentration,
yield full anesthesia. Interestingly, it has been reported by
various authors that the effects of local and general anes-
thetics are additive (see, e.g., Hines et al. (33) and Ben-
Shlomo et al. (34), and Discussion). This finding is striking,
since it is difficult to reconcile with the assumption that
local and general anesthesia work by different mechanisms.
Rather, one would conclude that local anesthetics display
general anesthetic properties. In this context, it is interesting
to note that local anesthetics are also membrane-active and
have lower melting transitions (35–41). It is therefore plau-
sible to hypothesize that local anesthetics have properties of
general anesthetics.
In this publication, we investigate the melting behavior of
membranes in the presence of both general and local anes-
thetics. We provide a thermodynamic formalism to under-
stand the heat capacity profiles of lipid membranes
containing both general and local anesthetics. We show
that the same theoretical treatment applies to both classes
of anesthetics and that their effects on transition tempera-
tures are equally reversed by hydrostatic pressure.MATERIALS AND METHODS
Lipids were purchased from Avanti Polar Lipids (Birmingham, AL) and
used without further purification. Octanol was purchased from Fluka
(Buchs, Switzerland). All other anesthetics were purchased from Sigma-
Aldrich (St. Louis, MO). Multilamellar lipid dispersions (10 mM, in buffer
consisting of 10 mMHepes and 1 mMEDTA, pH 7.0, octanol concentration
adjusted) were prepared by vortexing the lipid dispersions above the phase-
transition temperature of the lipid.
To generate multilamellar vesicles, dry lipids were dissolved in the buffer
and vortexed above the main-phase-transition temperature until no visible
clumps remained. For the generation of large unilamellar vesicles (LUVs,
Ø ~ 100 nm), multilamellar vesicles were extruded at least 30 times above
the phase transition temperature of the respective lipid using an extruder
FIGURE 1 Three different scenarios of a membrane in the presence of
anesthetics. (Case 1) The aqueous volume is very small or the partition
coefficient of the anesthetic in the fluid membrane is very high. All anes-
Thermodynamics of Anesthesia 2145(Avestin Europe, Mannheim, Germany) and filters with a pore size of
100 nm. The resulting LUVs are stable in the refrigerator for at least
2 weeks.
Anesthetics were added to 1,2-dipalmitoyl-sn-glycero-3-phosphatidyl-
choline (DPPC) in two distinct ways. One way is simply to dissolve the
anesthetic in the buffer and then follow the recipe given above. This
method has the advantage that the small concentrations needed can be
obtained easily by dissolving in large amounts of buffer and then
further diluting with the addition of pure buffer. The disadvantage of
this method is that many of the anesthetics are so hydrophobic that
even small amounts are impossible to dissolve. Under these conditions,
we dissolved anesthetics in a 2:1 methanol-dichloromethane mixture
and added the solution to the dry lipids in appropriate quantities. The
solution was dried under an air stream and subsequently dried further
overnight in a high-vacuum desiccator to remove any remaining solvent.
The dry lipid films containing anesthetics were then hydrated with buffer
and extruded as described above. This method only works for nonvolatile
anesthetics.
Heat-capacity profiles were obtained using a VP-scanning calorimeter
(MicroCal, Northampton, MA) at scan rates of 5 deg/h. The curves pre-
sented in this work are down-scans from high to low temperature. Since
anesthetics are soluble in the fluid phase, it seems plausible to assume
that the samples equilibrate faster during down-scans. Due to the extrusion
process, the total amount of lipid in the dispersion obtained after extrusion
may vary slightly. All experimental profiles were renormalized to a constant
transition enthalpy of 35 kJ/mol. The shapes of the heat-capacity profiles
of extruded vesicles also can vary slightly in time. This may explain
some of the minor variations in shape observed with different concentra-
tions of anesthetics. A typical experiment lasted several days. Repeating
an experiment with new samples under similar conditions yielded similar
but not necessarily identical profiles.
thetic molecules reside in the fluid lipid phase independent of its volume.
If the fraction of fluid phase changes as a function of temperature, the con-
centration of anesthetics in the fluid membrane is also changed. (Case 2)
The aqueous volume is infinitely large. The concentration of anesthetics
in both the aqueous phase and the fluid membrane is constant and indepen-
dent of temperature. (Case 3) The aqueous volume is finite. When the
amount of fluid phase changes, the concentration of anesthetics changes
in both the aqueous phase and the fluid membrane. This is the general
case. To see this figure in color, go online.THEORY
In the following, we present the thermodynamic analysis of
a chemically inert drug ideally soluble in the fluid lipid
membrane but insoluble in the gel membrane. This scenario
was shown to describe the thermodynamic behavior of gen-
eral anesthetics in biomembranes (8). Below, we discuss
three cases.
1. The absence of an aqueous reservoir, or equivalently,
negligible drug partitioning in the buffer (i.e., an infinite
partition coefficient in the fluid membrane). All anes-
thetic drugs reside in the membrane. The melting of
the membrane alters the concentration of the anesthetics
in the fluid membrane, because the fraction of fluid phase
changes.
2. An infinite aqueous reservoir with constant concentra-
tion of anesthetics. In this case, the concentration of
anesthetics in the fluid membrane is constant. The ratio
of the two concentrations is given by the partition
coefficient.
3. A finite aqueous reservoir. During melting, the concen-
trations of anesthetics in both the buffer and in the fluid
membrane change.
These cases are schematically depicted in Fig. 1. The goal
is to provide a general method for the interpretation of heat-
capacity profiles of membranes in an aqueous buffer con-
taining anesthetic drugs.Highly membrane-soluble anesthetics
Consider the mixture of a lipid membrane with melting
temperature Tm and an anesthetic molecule, A, that dis-
solves ideally in the fluid phase but not in the gel phase
of the lipid. We do not consider an aqueous phase, i.e.,
we assume that practically all drugs dissolve in the
membrane and cannot dissociate from the membrane. We
considered this case in a previous study (8). The phase
diagram of such a mixture is given by ideal solution
theory. The chemical potentials of the fluid and the
gel membrane are given by mfL ¼ mfL;0 þ RT ln xfL and
m
g
L ¼ mgL;0, where xfL is the molar fraction of lipid and
xfA ¼ 1 xfL is the molar fraction of anesthetics in the
fluid phase. If the total membrane is in the fluid state,





L ¼ mgL, and therefore, RT ln xfL ¼
ðmfL;0  mgL;0Þ. The difference of the standard chemical
potentials, DmL;0 ¼ mfL;0  mgL;0, is given by DHL;0  TDSL;0,
where DHL;0 is the molar enthalpy of melting and DSL;0
is the molar entropy of melting. The melting temperatureBiophysical Journal 106(10) 2143–2156
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DSL;0. Thus,














By approximating lnð1 xfAÞz xfA and T  Tm;LzT2m;L,
we arrive at




This is the well known freezing-point depression law
originating from J. H. van’t Hoff (42).
The laws given in Eqs. 1. and 2 are represented graphi-
cally in Fig. 2. We chose the parameters for DPPC mem-
branes, i.e., DHL;0 ¼ 35 kJ=mol and Tm;L ¼ 314:2 K. The
temperature, T, in Eq. 1 as a function of the concentration
of anesthetics in the fluid phase, xfA, is shown as a solid curve
in Fig. 2. It is the phase boundary of the gel-fluid coexis-
tence regime, where the concentration of anesthetics in the
gel phase is x
g
A ¼ 0 by definition. Here, xA is the fraction
of anesthetics in the total membrane. The dashed line in
Fig. 2 represents the freezing-point-depression law of
Eq. 2). This approximation is reasonable for molar fractions
of anesthetics as high as ~xA ¼ 0:2. It fails at higher concen-
trations, where shifts of Tm are considerably larger than pre-
dicted by the linear approximation. The effective anesthetic
dose in the membrane for tadpoles corresponds to xfAz
0.026 (8). Thus, the freezing-point-depression law is aFIGURE 2 The phase diagram for Case 1 in Fig. 1 for DPPC vesicles in
the presence of a general anesthetic. The solid line indicates the concentra-
tion of anesthetics in the fluid phase as a function of temperature. The con-
centration in the gel phase is zero by definition. The solid line also indicates
the onset of the lipid melting transition upon cooling at a given anesthetic
concentration. The dotted line indicates the freezing-point-depression
approximation given by Eq. 2. It is valid up to ~20 mol % of anesthetics
and deviates strongly at higher concentrations. For xA ¼ 0.2 (total mem-
brane fraction of anesthetics) and T ¼ 300 K, the fluid and solid fractions
are xfA ¼ 0:47 and xgA ¼ 0.
Biophysical Journal 106(10) 2143–2156good approximation for medically relevant concentrations.
The gray-shaded region in Fig. 2 corresponds to the regime
where phase separation between the gel and fluid phases
takes place.
The fractions of fluid membrane, xf , and gel membrane,
xg, are given by the lever rule (43):









with xf þ xg ¼ 1. Since xgA ¼ 0 by definition, we obtainxf ¼ xA
xfA





The application of the lever rule is demonstrated in Fig. 2
for the example of xA ¼ 0:2 and T ¼ 300 K (solid circle),
yielding a fluid fraction of xfA ¼ 0:47. Using Eq. 4, we
find that xf ¼ 0:426 and xg ¼ 0:574. Fig. 2 also indicates
that the concentration of anesthetics in the fluid membrane
is a function of temperature. The lower the temperature,
the smaller the fluid fraction and, therefore, the higher the
concentration of anesthetics, xfA, in the fluid phase.
This allows us to calculate the melting profile. The
enthalpy per mole of lipid is given by




where xL ¼ 1 xA is the fraction of lipid in the total mem-
brane and is used for normalization to 1 mol of lipid. Both xf
and xfL are temperature-dependent functions. The heat
capacity is given by the derivative, DcLp ¼ ðdDH=dTÞp.
Enthalpy and heat capacity are given for various concentra-
tions of the anesthetics (Fig. 3, left and center). The heat-
capacity profiles are asymmetrically broadened toward
lower temperatures. This is a consequence of the increase
of anesthetic concentration in the remaining fluid regions
of the membrane upon cooling.
Convolution with the natural width of the transition profile
In the above formalism, the heat capacity of a membrane in
the absence of anesthetics is represented by a d-function.
This is a consequence of the assumption of macroscopic
phase separation in ideal solution theory. However, experi-
mental profiles typically display a finite transition width.
The result for DPPC LUVs is shown in Fig. 3 (right, inset).
If phases do not separate macroscopically but rather into do-
mains with a cooperative unit size of n, the temperature-
dependent enthalpy of the pure membrane is given as (30)
DHpeakL ðTÞ ¼
K
1þ K  DHL;0 and












FIGURE 3 (Left) The enthalpy of DPPC calculated using Eq. 5 for six different mol fractions xA of a general anesthetic. (Center) The derivative of the
enthalpies in the left panel yields the corresponding heat capacity profiles. (Right) Broadened cp profiles. Inset shows the experimental heat capacity profile of
DMPC LUV (downscan), and a van’t Hoff profile using a cooperative unit size of n¼ 170 generated using Eq. 6. The latter curve was used to convolute the cp
profiles shown at center.







which has an integrated enthalpy of DHL;0 and is shown for
unilamellar DPPC vesicles in Fig. 3 (right, inset). A d-func-
tion peak in ideal solution theory at Tm ¼ 41:1C leads to
the above peak shape in a calorimetric experiment. The in-
tegrated enthalpy of both isDHL;0. A cooperative unit size of
n ¼ 170 results in the same maximum heat capacity as for
DPPC LUVs and yields a satisfactory transition width.
This value was used for all convolutions shown in this
article.
To be able to compare the theoretical and experimental
heat-capacity profiles, we convoluted the theoretical pro-
files, DcLpðtÞ, with the transition profile of a DPPC LUV,






















In Fig. 3, right, we show the theoretical profiles from
Fig. 3 (center) convoluted with the function given in
Eq. 7. using the above procedure. (Also see Figs. 4 and
6–8, where we also applied this formalism.)FIGURE 4 Calorimetric profiles in an infinite reservoir for four different
aqueous concentrations of anesthetic, [A], assuming a partition coefficient
of P¼ 100. (Left) In ideal solution theory, the calorimetric peak is a d-func-
tion that is shifted in the presence of anesthetics. (Right) When convoluted
with the profile of a DPPC LUV (see Eq. 8), one sees that the peak shape is
practically unaffected by the presence of anesthetics.Infinite reservoir size
In the previous section, we assumed that all anesthetics stay
in the membrane, i.e., the total number of anesthetic mole-
cules in the membrane is constant. This is the case either if
the partition coefficient of the drug is very high or if the
amount of aqueous medium is very small.
Let us consider an infinite reservoir and a finite partition
coefficient. Now, anesthetic molecules can be exchangedbetween the aqueous medium and the fluid membrane
such that the concentration of anesthetics in the fluid mem-
brane is fixed. This is true because an infinite reservoir
displays a constant concentration of anesthetics, and the
concentration in the fluid membrane is determined by the
partition coefficient alone. The total amount of anesthetics
in the membrane is proportional to the fraction of fluid
phase. In ideal solution theory, the melting peak is a sharp
d-function. In the presence of anesthetics, the melting pro-
file will not be asymmetrically broadened but will still shift
by the value given in Eq. 2. This situation is shown in Fig. 4.Finite-size reservoir
The most general case is that of a finite aqueous reservoir
and a finite partition coefficient. This is the situation in
most calorimetric experiments. When the membrane melts,
the volume of the fluid phase changes and it can absorb more
anesthetic molecules. Since the reservoir is finite, the anes-
thetic concentration there decreases. Neither the concentra-
tion of the anesthetic drug in the fluid membrane nor that inBiophysical Journal 106(10) 2143–2156
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Case 1 remain valid, i.e., the ratio of the sizes of fluid and
gel phases of the membrane for a given concentration of
anesthetics in the fluid phase is given by the lever rule of
Eq. 4. However, the total amount of anesthetics in the mem-
brane and the concentration in the bulk aqueous medium can
vary with changes in the amount of fluid phase.
Let us assume a total concentration of anesthetics ½Atot
and a total volume of the sample of Vtot. The total molar
quantity of anesthetic, mAT ¼ ½Atot  Vtot, is given by
mAT ¼ P  ½A  VfL|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
molar amount in membrane
þ ½A  VB|ﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄ}
molar amount in buffer
; (9)
where ½A is the free anesthetic concentration, P is the parti-
tion coefficient, VB is the volume of aqueous buffer, VL the
volume of the lipid membrane, and Vtot ¼ VB þ VL. Here,
we have assumed that the partial molar volumes of the gel
and fluid phases are approximately equal. The volume of
fluid membrane, VfL, is given by
VfL ¼ VL  xf ; (10)
where xf is the fluid membrane fraction. The total amount
of anesthetics, mAT , is fixed during an experiment and inde-
pendent of temperature. We further assume that VB, VL,
and P are known and fixed. The variables are ½A and xf .
For a given ½A, the fluid membrane fraction, xf , can be
determined using Eqs. 9. and 10:
xf ¼ m
A
T  ½A  VB
P  ½A  VL : (11)
The molar fraction of anesthetics in the fluid membrane is
given by
xfA ¼ P  ½A  v0L; (12)
where v0L is the molar volume of the fluid lipid membrane
3FIGURE 5 Calculation of xA and x
f
A for Case 3. In this example we used
10 mM DPPC, P ¼ 100, [Atot] ¼ 4 mM general anesthetic (mAT ¼ 4 m mole(~0.734 L/mol for DPPC assuming a density of 1 g/cm ).
For a given ½A, one can calculate the concentration of anes-
thetics in the fluid membrane (using Eq. 11) and the fluid
fraction, xf (using Eq. 10). When x
f
A is known, one can
calculate the corresponding temperature, T, of the phase



















1 P , ½A , v0L ,
1 (13)
According to Eq. 4, the total anesthetic fraction, xA, in thein 1 ml volume). When the membrane is entirely fluid, i.e., at high temper-
ature, this corresponds to xA ¼ xfA ¼ 0:17 (vertical solid line). Upon cool-
ing, one hits the phase boundary at T ¼ 309.9 K. Below this temperature,
xfA increases along the phase boundary while the total anesthetic fraction
in the membrane, xA, decreases due to the decrease of the fluid membranemembrane can be derived from the lever rule:
xA ¼ xf  xfA; (14)
which is a function of ½A. If we regard the total anestheticfraction, xf. At T ¼ 306.2 K, xA ¼ 0 and xf ¼ 0.concentration ½Atot, the total lipid concentration (or totalBiophysical Journal 106(10) 2143–2156lipid volume, VL) and the partition coefficient, P, of the
anesthetic in the fluid membrane as fixed input parameters,
we can determine phase boundary temperature, the fluid
membrane fraction, xf , the fluid membrane fraction of the
anesthetic, xfA, and the anesthetic concentration, xA, for
any given value of [A]. The problem is completely deter-
mined. In Fig. 5, we demonstrate the change of both xA
and xfA as a function of temperature for the case of
P ¼ 100, 10 mM lipids, and a total anesthetic concentration
of 4 mM. Upon decreasing temperature, xA ¼ xfA stays con-
stant until the upper phase boundary is reached. Upon
further cooling, xfA increases while the total fraction of anes-
thetics in the bilayer decreases until it becomes zero. This
constitutes a lower end of the melting profile.
The melting profile of the membrane can now be deter-
mined in analogy to Eq. 5:
DHLðTÞ ¼ xf 

1 xfA
  DHL;0  1ð1 xAÞ; (15)
where xA is the fraction of anesthetic in the total membrane,
which is a function of temperature. The final term here is
needed for normalization to 1 mol of lipid. The heat capac-
ity is the temperature derivative of this function. Fig. 6
shows the heat capacity profiles for three different partition
coefficients, P (20, 50, and 200), using various total anes-
thetic concentrations, Atot. The top panels show the results
using the above formalism. One can clearly see the upper
and lower limits of the heat capacity anomaly. The lower
limit of the melting profile did not exist in Case 1 (Fig. 3).
The bottom panels of Fig. 6 display the corresponding con-
volutions with the profile of unilamellar vesicles.
FIGURE 6 Calculation of heat capacity profiles
for Case 3 using Eq. 15 for three different partition
coefficients and various anesthetic concentrations.
The DPPC lipid concentration was assumed to be
10 mM. The top row contains the theoretical calcu-
lations and the bottom row the broadened profiles
for DPPC LUVs calculated using the convolution
procedure in Eq. 8. (Left) P ¼ 20. (Center) P ¼
50. (Right) P ¼ 200. The shape of the cp profile
depends sensitively on the partition coefficient.
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Here, we compare calorimetric profiles of DPPC LUVs ob-
tained in the absence and presence of the general anesthetic
octanol, the barbiturate pentobarbital, and the two local
anesthetics lidocaine and bupivacaine using the theoretical
calculations described above. We use experimental differen-
tial scanning calorimetry downscans obtained with a scan
rate of 5 deg/h.
In the calorimetric experiment, the total aqueous volume,
the lipid concentration, and the total anesthetic concentra-
tion are fixed. We assumed a lipid membrane density of
1 g/cm3 to calculate the total lipid volume. The molar vol-
ume of DPPC is then v0L ¼ 0:734 L/mol (734 g/mol molec-
ular mass). The lipid volume of 1 ml of a 10 mM dispersion
is VL ¼ 7.34 mL and the volume of the aqueous buffer is
VB ¼ 992.66 mL. For a 1 mM solution, the total molar quan-
tity of anesthetics is mAT ¼ 1 m mol. The only unknown
parameter in Eqs. 9–15 is the partition coefficient, P.Fig. 7 (lower left) shows experimental heat-capacity pro-
files for 10 mM DPPC LUV dispersions in the presence of
the general anesthetic octanol. The total octanol concentra-
tions, ½Atot (combined buffer and membrane concentra-
tions), were 0, 0.25, 0.5, 1, and 2 mM (corresponding to
molar octanol/lipid ratios of 0, 0.025, 0.05, 0.1 and 0.2).
Fig. 7 (upper left) shows the corresponding simulations
using a partition coefficient of P ¼ 150. This value is
similar to the literature value of P ¼ 150 in erythrocytes
(44,45). One sees that the decay of the simulated profiles
is somewhat less pronounced than that of the experimental
profiles, which may be due in part to the difference between
experiment and the theoretical cp profile of pure DPPC
LUVs in the absence of anesthetics, used for the convolution
of the theoretical results. Qualitatively similar results have
been reported for halothane in DPPC vesicles (19). Fig. 7
(lower right) shows the experimental heat-capacity profiles
for 10 mM DPPC LUVs in the presence of the barbiturateFIGURE 7 Heat capacity of DPPC LUVs in the
presence of two general anesthetics (octanol and
pentobarbital). Experimental heat-capacity profiles
for 10 mM DPPC LUVs in the presence of five
concentrations of octanol (lower left) and five con-
centrations of the barbiturate pentobarbital (lower
right). The theoretical results are shown for octanol
(upper left) and pentobarbital (upper right) at the
same concentrations and the extracted partition
coefficients best suited to describe the experi-
mental results (P ¼ 150 for octanol and P ¼ 27
for pentobarbital).
Biophysical Journal 106(10) 2143–2156
2150 Græsbøll et al.pentobarbital. ½Atot concentrations were 0, 1, 2, 4, and 8 mM
(corresponding to molar pentobarbital/lipid ratios of 0, 0.1,
0.2, 0.4, and 0.8). Fig. 7 (upper right) shows simulations
using a partition coefficient of P ¼ 27.
Fig. 8 shows experimental heat-capacity profiles for
10 mM DPPC LUV dispersions in the presence of the two
local anesthetics lidocaine (left) and bupivacaine (right).
For lidocaine (Fig. 8, lower left), we used ½Atot concentra-
tions of 0, 5, 8, and 10 mM (corresponding to molar lido-
caine/lipid ratios of 0, 0.5, 0.8, and 1.0). A partition
coefficient of 17 yielded the best description of the data
(Fig. 8, upper left).
Our calorimetric results for lidocaine agree well with the
calculated values and resemble those reported by Ueda et al.
(37) for 3 mM DPPC LUVs. For bupivacaine (Fig. 8, lower
right), we used ½Atot concentrations of 0, 1, 2, and 4 mM
(corresponding to molar bupivacaine/lipid ratios of 0, 0.1,
0.2, and 0.4). A partition coefficient of 37 yielded a good
description of the data (Fig. 8, upper right).Comparison of octanol/water partition
coefficients with calorimetric values
Partition coefficients from the literature and those obtained
from our calorimetric experiments are compared in Table 1
and Fig. 9. The partition coefficient, P, is defined as the ratio
of the concentration of the dissolved charged or uncharged
substances in the organic phase to the concentration in the
aqueous phase. Thus, for drugs with a pKA close to experi-
mental conditions, we display partition coefficients Pc for
the charged form and Pu for the uncharged form. The distri-
bution coefficient Q corresponds to the partition coefficient
for the two forms combined.
Partition and distribution coefficients vary with tempera-
ture. We compared the results from differential scanning
calorimetry with octanol/water partition coefficients ob-
tained under similar conditions (i.e., between room temper-
ature and 25C and at a pH close to the chosen value of 7).
These values are shown in bold in Table 1. Assuming a pro-Biophysical Journal 106(10) 2143–2156portional relation between the two quantities, the calori-
metric values are smaller by a factor of 5 than the octanol
partition coefficients, in very good agreement with the
values from Seeman and colleagues (44,45), who found a
factor of 5 difference between the octanol and the erythro-
cyte. The value for the partitioning of octanol in erythrocyte
membranes is given in Fig. 9 for comparison. The spread of
literature values given in Table 1 is considerable and is of
the order of at least a factor of 2. This is tentatively taken
into account by the error bars in Fig. 9 that indicate a range
of a factor of 2 (end to end of the error bars). Some of the
uncertainty may be due to the pH dependence of pentobar-
bital, lidocaine, and bupivacaine that have pKA values of
~8.2. The pH in our experiments was 7.0. At this pH, pento-
barbital is in its uncharged form (membrane-soluble),
whereas lidocaine and bupivacaine are in the charged
(water-soluble) form. Thus, the experimental situation is
seemingly far away from the pKA. However, if the associa-
tion constant of the anesthetic is different for the charged
and the uncharged forms, due to close thermodynamic
cycles, the pKA in the membrane must necessarily be
different from that found in solution. This was analyzed
and experimentally demonstrated by Kaneshina et al. (46)
for the local anesthetic dibucaine. For this reason, it is not
trivial to determine the quantity of anesthetic that will asso-
ciate to the membrane close to the pKA.Pressure dependence
A theory of anesthesia based on lipid phase transitions has
the advantage that it implicitly contains an explanation
for the pressure reversal of anesthesia (8,31). Pressure shifts
the transitions of lipid membranes because it alters their spe-




Here, Dp is the change in hydrostatic pressure and DV is
the excess volume of the lipid transition. The pressureFIGURE 8 Heat capacity of DPPC LUVs in the
presence of two local anesthetics (lidocaine and
bupivacaine). Experimental heat-capacity profiles
of 10 mM DPPC LUVs in the presence of four
concentrations of lidocaine (lower left) and four
concentrations of bupivacaine (lower right). Upper
graphs show the theoretical results at the same
concentrations and at the extracted partition coeffi-
cient best suited to describe the experimental
results (P ¼ 17 for lidocaine and P ¼ 37 for bupi-
vacaine).
TABLE 1 Partition coefficients of octanol, pentobarbital, lidocaine, and bupivacaine
Substance Q Pu Pc Solvents pH T pKA Ref.
Octanol 1000 n-oct/water (47)
1410 n-oct/water 25C (48)
933 n-oct/water 22C (49)
691 n-oct/water (50)
1810 n-oct/water 45C (51)
156.04 erythr/buffer 7.0 RT (44)
151.8 erythr/buffer (45)
150 (cal) DPPC/buffer 7.0 This work
Pentobarbital 117 n-oct/water 25C (52)
53.7 135 n-oct/water 7.4 (53)
9.6 erythr/buffer 7.4 23C (45)
8.5 erythr/buffer 7.4 23C (54)
25C 8.17 (55)
37C 7.95 (56)
27 (cal) DPPC/buffer 7.0 This work
Lidocaine 43.0 304 0.060 n-oct/buffer 7.4 25C 8.19 (57)
47.9 n-oct/buffer 7.4 RT (58)
110.0 366 0.085 n-oct/buffer 7.4 36C 7.77 (57)
245 n-oct/buffer 9.86 23C (59)
25C 7.86 (60)
17 (cal) DPPC/buffer 7.0 This work
Bupivacaine 346.0 2565 1.5 n-oct/buffer 7.4 25C 8.21 (57)
560.0 3420 2.0 n-oct/buffer 7.4 36C 8.10 (57)
37 (cal) DPPC:buffer 7.0 This work
The distribution coefficient, Q, is the ratio of the concentration of molecules in the organic phase to the concentration of charged and uncharged molecules in
the aqueous phase. Pu and Pc are the partition coefficients of the uncharged and charged forms, respectively. Bold values are those used in Fig. 9. Oct, octanol;
erythr, erythrocyte; RT, room temperature; cal, calorimetry.
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in detail and is quantitatively understood (20). Since
anesthetics lower transition temperatures and hydrostatic
pressure increases them, one expects a reversal of the
effect of anesthetics. The critical pressure for the reversal
of tadpole anesthesia was calculated to be ~25 bar (8),FIGURE 9 Octanol/water partition coefficients plotted versus the parti-
tion coefficient determined by calorimetry (solid circles). The solid line
assumes that the two partition coefficients are proportional. The erythro-
cyte/water partition coefficient for octanol is given for comparison (open
square, dashed line). The octanol/water partition coefficients differ by a
factor of 5 from the erythrocyte/water coefficients (dashed vertical line).
The symbols correspond to bold values in Table 1.which is of an order similar to that found in experiments
(21,22).
As shown in Fig. 10, we have applied hydrostatic pressure
to lipid membranes in the presence of both general and
local anesthetics. The average shift of the DPPC transition
maximum in the presence of three anesthetics (pentobar-
bital, lidocaine, and bupivacaine) in Fig. 10 is 0.02441
deg/bar (equivalently, 1 deg/40.95 bar). This is practically
identical to the numbers obtained in the absence of anes-
thetics, as reported in Ebel et al. (20), e.g., 0.02448/bar
for DPPC. This implies that the pressure dependence of lipid
membranes is unaltered by anesthetics. Thus, the partition-
ing of the drugs between the liquid and solid phases is unal-
tered by hydrostatic pressure within experimental accuracy.
If this were not true, the shift of the transition would be
different in the presence and absence of the anesthetics,
which is not the case. Further, the shape of the transition
would be influenced by pressure. A minor influence of pres-
sure on the shape of the transition can only be seen at the
highest pressure applied (160 bar).DISCUSSION
General and local anesthetics are generally considered to be
different classes of drugs. It is further acknowledged that
general anesthesia is not well understood. However, it is
well known that general anesthetics shift phase transitionBiophysical Journal 106(10) 2143–2156
FIGURE 10 Pressure dependence of membranes in the presence of anesthetics at 0, 40, 80, and 160 bars excess hydrostatic pressure for 10 mM DPPC
LUVs in the presence of a total concentration, [Atot], of 8 mM pentobarbital (left), 8 mM lidocaine (center), and 12 mM bupivacaine (right). The shape
of the transition profile remains unaltered. The magnitude of the shift is the same as in the absence of anesthetics (20).
2152 Græsbøll et al.and generally render membranes more fluid by a mechanism
that is independent of the nature of the drug (8,18,28). In
contrast, local anesthetics are often assumed to bind specif-
ically to receptors and in particular to sodium channels
(4,5). It has been known for a long time that local anes-
thetics also lower lipid melting transitions (35–41).
Kaminoh et al. (16,17) hypothesized that it is not the parti-
tioning in the membrane, but rather the difference in parti-
tioning between the fluid and gel phases, that determines
anesthetic effects. That is also the working hypothesis of
this article.
Here, we studied the effects of octanol, pentobarbital,
lidocaine, and bupivacaine on the melting transition of
DPPC LUVs. We demonstrated that general and local anes-
thetics both lower transition temperature in a qualitatively
very similar manner. We provided a formalism to describe
the results theoretically. We based our theoretical consider-
ations on ideal solution theory and the assumption that both
general and local anesthetics dissolve ideally in the fluid
membrane but are insoluble in the gel membrane. We distin-
guished three cases: 1), all anesthetics dissolve in the mem-
brane due to either a very high partition coefficient or a very
small volume of aqueous buffer; 2), an infinite volume of
aqueous buffer with constant anesthetic concentration; and
3), the general case, describing a finite amount of buffer
and small or medium partition coefficient values. Case 1
leads to large shifts toward lower temperature, with an
asymmetric broadening of the cp profiles that reflects the
temperature-dependent change in fluid membrane concen-
tration of the anesthetics. Case 2 leads to a shift in the cp
profile without broadening or change of the peak amplitude.
Case 3 displays both a shift and broadening of the profiles,
but to a lower extent than in Case 1. Case 3 is the typical
situation in a calorimetric experiment, where the aqueous
volume is finite. We demonstrated that this description can
describe the heat-capacity profiles of both classes of anes-
thetics in a satisfactory manner. We further showed that
for up to 20 mol % of anesthetics in the membrane, the
above treatment is consistent with the freezing-point-
depression law posited by van’t Hoff (42) that implies a
linear dependence of the melting point on the concentration
of the solute in the fluid phase. However, the shift in theBiophysical Journal 106(10) 2143–2156transition is largely underestimated by the freezing-point-
depression law at higher molar fractions of anesthetics.
One can extract partition coefficients that reflect the re-
ported partition coefficients in octanol. Freezing-point
depression was similarly used to determine concentrations
of solutes in aqueous solution in the original publication
of van’t Hoff in 1886.
Finally, we demonstrated that hydrostatic pressure leads
to a shift of melting peaks toward higher temperatures
without a broadening of the cp profile. This shift is unaf-
fected by the presence of either general or local anesthetics,
consistent with findings by Mountcastle et al. (19). From
this, it can be concluded that the relative partitioning of
anesthetic drugs in the gel and fluid membrane phases is
generally not pressure-dependent in the range investigated
here (up to 160 bar). A similar finding was reported for
the local anesthetic tetracaine (36). In a previous publication
(8), we argued that the pressure reversal of general anes-
thesia (21) can be quantitatively understood by assuming
that the shift of the melting transition induced by anesthetics
is counteracted by pressure. The results of this study imply
that this effect also should be true for local anesthesia. It is
interesting to note that Halsey and Wardley-Smith found
that general anesthesia induced by the local anesthetic
procaine was in fact reversed by hydrostatic pressure in
tadpoles (22). Anesthetic inhibition of the protein firefly
luciferase, in contrast, does not display pressure reversal
in the peak fluorescence intensity (9) but shows pressure
reversal at quite high pressures of 100–150 bar in the
steady-state fluorescence intensity (61).
One particularly important feature of the above findings is
that the thermodynamics of general and local anesthetics is
basically the same. Therefore, there is no reason in a ther-
modynamics theory of membranes to distinguish between
the two classes of anesthetic.Additivity of general and local anesthesia
Both the Meyer-Overton correlation and the law of freezing-
point depression are generic linear laws that depend only on
the concentration of the drug in question and are entirely in-
dependent of its chemical nature. Thus, these laws explicitly
Thermodynamics of Anesthesia 2153predict that the effect of these drugs is additive. This effect
is well documented for general anesthetics and was dis-
cussed by Overton >100 years ago (6). In this article, we
provide strong evidence that the law of freezing-point
depression also applies to local anesthetics. This immedi-
ately leads to the prediction that the effects of general and
local anesthetics are additive, too. From a thermodynamic
point of view, the effects of general and local anesthetics
on membranes are the same.
There are, in fact, numerous publications providing
evidence for the additive effects of general and local anes-
thesia. Himes et al. (33) reported that the critical anesthetic
dose for the general anesthetic halothane in dogs can be
lowered by 50% by plasma concentrations of >10 mg/mL
of the local anesthetic lidocaine. In a similar way, nitrous
oxide anesthesia was enhanced by lidocaine. The intramus-
cular administration of the local anesthetics lidocaine and
bupivacaine increases the hypnotic effect of the general
anesthetic midazolam in humans to a degree proportional
to the dose of the local anesthetic (34). The effect of bupi-
vacaine is larger than that of lidocaine, in agreement with
its larger partition coefficient in membranes. The hypnotic
effect of the general anesthetic halothane is enhanced by
the local anesthetics lignocaine and bupivacaine (62). In a
similar way, Senturk et al. (63) reported that the critical
dose of the general anesthetic propofol in humans was
significantly lowered by intramuscular administration of
both lidocaine and bupivacaine (63). Along the same lines,
Altermatt et al. (64) reported a significantly lowered critical
dose of propofol in the presence of lidocaine. Additivity of
general and local anesthetic effects has also been reported
for bupivacaine with the general anesthesia propofol (65).
In a similar manner, the critical dose of the general anes-
thetic cyclopropane is lowered by 40% in the presence of
lidocaine (66). Further, the critical dose of the general anes-
thetic isoflurane was lowered linearly with the administered
dose of lidocaine in cats (67), with a reduction of >50% for
10 mg/mL lidocaine (in agreement with Himes et al. (33)).
The sedative effect of lidocaine was also discussed by
Szmuk et al. (68).
The linear dependence of general anesthesia on the dose
of local anesthetic suggests that both classes of drugs can
induce general anesthesia, and that they work by similar
mechanisms. It should be noted that the generic physical
laws are based on ideal solubility (partitioning) of drugs
in the membrane and are therefore inconsistent with the
idea of specific binding to receptors.The cutoff effect of long-chain alcohols
In contrast to the Meyer-Overton correlation, the thermody-
namic theory presented here relies on the assumption that
anesthetics are perfectly miscible in the fluid phase of lipids
and perfectly immiscible in the gel phase. This implies that
some molecules that are soluble in membranes are not anes-thetics. For example, the effect of cholesterol and other
membrane-soluble drugs that are not anesthetics was dis-
cussed by Cantor and colleagues (12,13). For instance,
cholesterol is not an anesthetic, even though it dissolves in
membranes. In the framework presented here, this is
because it is also soluble in the gel (or liquid-ordered)
phases and has the effect of increasing the temperature of
the lipid phase transition (69). In a similar way, although
other lipids are themselves soluble in a given membrane,
they are not generally anesthetics. Many lipids display state
transitions close to the experimental temperature where one
of the states is soluble in the solid phase and the other in the
fluid phase. If the secondary membrane component consists
of such a lipid, the phase diagram strongly deviates from the
idealized eutectic case shown in Fig. 2 (30). In particular, if
the melting point of a secondary lipid component is higher
than that of the predominant lipid species, the melting pro-
file is usually shifted toward higher temperatures. Such
considerations also apply to lipidlike molecules such as
long-chain alcohols. Pringle et al. (26) report that the anes-
thetic potency of saturated n-alcohols increases up to
dodecanol, and that anesthetic action fails at chain
lengths >12–14. It is interesting to note that this correlates
with the melting temperature of the pure alcohols. The
melting temperature of ethanol is 114C, that of octanol
14.8C, that of decanol þ6.9C, that of dodecanol
23.9C, that of tetradecanol 38.2C, and that of hexadecanol
49.2C (values taken from Lide (70)). All alcohols with
chain length 14 or longer display transitions above body
temperature (37C). All 1-alcohols that do have a general
anesthetic effect display transitions well below physiolog-
ical temperature. Kharakoz (18) showed that all 1-alcohols
in lipid membranes up to decanol nicely follow the
freezing-point-depression law. Experiments from our lab
show that tetradecanol fails to follow this correlation, but
instead increases the transition temperature in DPPC vesi-
cles (not shown). In a similar way, Kaminoh et al. (17)
showed that 1-tridecanol and 1-tetradecanol increase the
melting temperature of DPPC, whereas 1-octanol and 1-dec-
anol decrease it. Thus, we must conclude that the cutoff
effect of saturated n-alcohols is in agreement with the theo-
retical description presented here. An increase of the transi-
tion temperature of DPPC in the presence of long-chain
alcohols was also reported by Kamaya and Ueda (71,72).Lipid channels
Papahadjopoulos et al. (73) showed that membranes are
more permeable in the vicinity of phase transitions, and
Antonov et al. showed the existence of channel-like conduc-
tion steps close to these transitions (74). Formation of these
channels, consisting of small pores in the lipid membrane, is
more likely in the vicinity of transitions where area fluctua-
tions are known to be large. Such channels exist in lipid
membranes in the complete absence of proteins and haveBiophysical Journal 106(10) 2143–2156
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from those reported for protein channels, i.e., conductance
and channel lifetimes are of the same order and current-
voltage relationships display a similar functional form
(75,76). Close to transitions, these lipid channels can be
blocked by general anesthetics as a simple consequence of
their influence on the phase-transition temperature. For
instance, we have demonstrated that channels in DOPC/
DPPC mixtures can be blocked by the general anesthetic
octanol (77) in a manner very similar to the reported block-
ing of Naþ channels and the acetylcholine receptor by octa-
nol (discussed in Blicher et al. (77)). It is to be expected that
local anesthetics have the potential to block lipid channels
because they display a comparable influence on the cooper-
ative melting transition.Nerves
Recently, we proposed that electromechanical solitons
(localized pulses) can travel in membranes close to phase
transitions (27–29,78). Such transitions exist in bio-
membranes slightly below physiological temperature (30).
Therefore, it was proposed that such pulses are related to
the action potential in nerves. The distance of physiological
temperature from the transition maximum is closely related
to the free energy necessary to excite such a soliton (8).
According to the above, both general and local anesthetics
change the transition temperature and thus increase the free
energy necessary to excite a solitary pulse, resulting in an in-
crease of the stimulation threshold (8,28). This has been
found experimentally for both general and local anesthetics
(79). Within the soliton concept, pulse shapes and velocities
remain basically unaltered, as also found in experiments.CONCLUSIONS
We show here that general and local anesthetics have similar
effects on the phase behavior of lipid membranes. This is
consistent with a simple freezing-point-depression law
based on the ideal solubility (partitioning) of anesthetic
drugs in the fluid phase and a low partitioning in the gel
phase. Therefore, from a thermodynamic perspective, there
is no reason to distinguish between general and local anes-
thetics. This description is consistent with the cutoff effect
of long-chain alcohols. The effects of both general and local
anesthetics are subject to pressure reversal.
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